In this paper the results of both friction coefficient and springback testing using a drawbead test are presented. Deep drawing quality steel sheet (DC04 according to EN 10130:2009 standard) was used as the test material. The experimental investigations were carried out using a special device that allows a change in the degree of deformation of the sheet metal on the drawbead. The friction tests were carried out for different values of tool surface roughness, specimen widths and degrees of sheet deformation. Three lubrication conditions were analysed: dry friction, machine oil lubrication and lubrication using methacrylic resin. The springback values were determined based on digital image analysis for selected friction conditions. It was found that the effectiveness of reducing the value of the friction coefficient during the pulling of a sheet on the drawbead depends not only on the lubricant used, but also on the degree of sheet deformation (displacement of the middle roll). The sheet widths influence the friction coefficient value through the character of sheet deformation during the pulling of the sheet through the drawbead.
Introduction
The dimensional and shape accuracy of formed parts is strongly dependent on the friction and lubrication conditions that are acting in the actual production process. The friction conditions are dependent on the tribology system, i.e. the applied pressure load, surface roughness -both of sheet metal and tool and process conditions (static or dynamic loads, forming temperature, sliding speed) [1] [2] [3] [4] . The friction mechanism also depends on the material of the tool and the relative hardness of the surface of the specimens to the tool materials [5, 6] . In the sheet metal forming of parts with complex geometry, the magnitude and distribution of friction affect metal flow, part defects and production costs [7] . By controlling the tribological conditions in the process, it is possible to reduce defects or problems like crack formation, shrinkage, wrinkles and tool wear [8] [9] [10] . Friction is also a key phenomenon in joining sheet metals [11] . At the microscopic level, friction is due to adhesion between contacting asperities and the ploughing effects between asperities. The ploughing effects between asperities and adhesion DOI 10.12776 effects between boundary layers are the main factors causing friction in the boundary lubrication regime [12] . In the lubrication regime the contact pressure is carried by the lubricant flow and asperities. Many experimental and analytical investigations have concerned the determination of frictional phenomena on a drawbead during the forming of sheet metal [13] [14] [15] [16] [17] . Many studies have been conducted on the modelling of draw dies using automated design systems [18] [19] [20] . This paper presents the results of an experimental investigation which investigates the frictional resistances of DC04 steel sheet using the drawbead simulator test. The experiments were carried out for different values of tool surface roughness, specimen widths and degrees of sheet deformation. Three lubrication conditions were analysed: dry friction, machine oil lubrication and lubrication using methacrylic resin. To determine frictional resistances, friction tests were carried out using the drawbead simulator (Fig. 2) . The design of the simulator allows changes to be made in the frictional resistances of the sheet by changing the angle of wrapping of the middle roll (see 2, Fig. 2 ). The frame (5) of the friction simulator was attached to the lower grip of the Zwick Roell Z030 tensile testing machine, and the tension member (6) was attached to the upper grip of the testing machine. During the tests, the pulling force and the clamping force were registered by the computer program using two tension gauges (7 and 8). One specimen was pulled between freely rotating cylindrical rolls, and then the pulling force measured and the clamping force gave the bending and unbending resistance respectively of the sheet under 'frictionless' conditions. The sheet was displaced between the rotating rolls so that the friction between the sheet and rolls was minimised whereas the second specimen was pulled between the fixed rolls. The coefficient of friction value μ was calculated according to the expression:
( (Fig. 3) . the amount of springback is carried out in AutoCAD software based on the images of the samples. To ensure the comparability of the results obtained under different friction conditions, the measurement of springback angle is started at a distance of z = 130 mm (Fig. 5) from the sample edge.
Fig. 5 Method of springback measurement

Results and discussion
The values of the measurement forces with their standard deviations (SDs) are presented in Table 2 . The forces were measured with an accuracy of 0.001 kN. In the case of all friction conditions for a sample width of 7 mm, the friction coefficient value increased with an increase in the middle roll displacement up to 14 mm (Fig. 6a) . Next the inverse relationship was noted. In the case of a sample width of 14 mm, a decreasing value of the friction coefficient with sample width is observed (Fig. 6b) . For a sample width of 20 mm, the recorded friction coefficient values were the most similar across the whole range of middle roll displacement (Fig. 6c) . The effectiveness of friction reduction by resin is highest in the case of testing a specimen width of 7 mm: a twofold decrease of friction coefficient is observed. As observed by Trzepieciński et al. [1] , in sheet metal forming, the real contact area plays an important role in determining the frictional resistance. The character of sheet deformation during the passing of the sheet strip on the drawbead depends on sheet width and is manifested by a change of the shape of the rectangular cross-section into a convex cross-section (Fig. 7) . Increasing the specimen width used made it possible to increase the friction coefficient values for different middle roll displacements. The change in lubrication conditions does not affect the tendency to increase the friction coefficient tested at different roll surface roughnesses and middle roll displacements. In general, the highest values of friction coefficient are observed for the lowest displacement of the middle roll. It was found that increasing the displacement of the middle roll causes an increase in the radius of curvature of the specimen after friction tests carried out with fixed rolls and freely rotating rolls ( Table 2) . However, the specimens tested with fixed rolls exhibit higher springback radius. The character of deformation of the strip specimen (see Fig. 7 ) allows for a deviation of the amount of springback within the specimen widths used. It is clear that increasing the sample width leads to an increase of curvature radius of the specimen ( Table 3) . 
Conclusions
This paper presents the effects of tool surface roughness, amount of deformation, strip width and lubrication conditions on the springback phenomenon and the friction coefficient of a DC04 steel sheet. The main conclusions drawn are as follows:
1) The strip width has a crucial effect on the character of sheet deformation and the real contact area; an increase in specimen width leads to an increase in the value of the friction coefficient.
2) The value of the friction coefficient depends on the degree of sheet deformation on the drawbead. 3) Methacrylic resin combined with chlorinated hydrocarbons was the most effective lubricant; the friction coefficient value determined with epoxy resin lubrication was as much as two times smaller than the friction coefficient determined under dry friction conditions. 4) An increase in the displacement of the middle roll and sample width causes an increase in the amount of sheet springback in the case of all roll roughnesses used. 5) It was found that the surface roughness of rolls had a dominant affect on the friction resistance. In further analysis, it is necessary to find the optimal strip width, depending on sheet thickness, which ensures full contact of the sheet with the rolls on the whole width of the specimen.
